relies largely on K non-exch . While K exch can reach steady state at a low level when K balance is negative for a long time (Blake et al. 1999, Madaras and Lipavský 2009 ), a decrease of K reserves is clearly measurable in K non-exch pool (Carey and Metherell 2003 , Andrist-Rangel et al. 2007 . K exch monitoring therefore might not give a true impression about the development of soil K reserves (Madaras 2014) .
Methods determining K non-exch were reviewed by Martin and Sparks (1985) and include exhaustive cropping, extraction with acids, electro-ultrafiltration, exchange resins and extraction using sodium tetraphenylboron (TPB) with ethylenediaminetetraacetic acid. The latter method is based on K precipitation, which decreases K concentration in solution so as to facilitate a release of K non-exch (Carey et al. 2011 ). Exhaustive cropping is often used for determination of plant-available K and for evaluation of suitability of faster chemical methods of K non-exch determination (MacLean 1961 , Richards and Bates 1988 , Cox et al. 1999 .
In our research, we were concerned with agricultural arable soils that showed steady-state of K exch at low level (measured by the Mehlich 3 soil test), which could indicate that plant K demand was fulfilled from K non-exch pool. The aim of this paper is to investigate the relation between true plant K availability (determined by exhaustive cropping) and soil test K determined by various methods of K exch and K non-exch extraction for such soils.
MATERIAL AND METHODS
Sites for soil sampling (Table 1) were selected from the database of soil testing which is regularly (in a 6-year period) performed in the Czech Republic by the Central Institute for Testing and Supervising in Agriculture. Selection criteria of arable land soils were: (1) low level of K in Mehlich 3 soil test (K M3 < 100 mg/kg) in the last two testing periods; (2) considering the most common soil types of agricultural land, that are Chernozems, Luvisols, Cambisols and Fluvisols; (3) considering variability of climatic conditions and geological substrates. 14 soil profiles were sampled in spring 2010. At each site, soil samples (0-25 cm) were mixed from 3 sampling points. Soil samples were homogenized, dried at room temperature and sieved through 2 mm mesh prior to further analyses.
Mineralogical composition of soil samples was determined on the basis of the X-ray diffraction (XRD) patterns which were obtained using the CuK radiation with the powder difractometer X'Pert System Philips with a graphite monochromator. The relative presence of main soil minerals was evaluated on a 5-point scale in a range from the limit of detectability (1) to dominant mineral (5).
Soil reaction, texture and organic carbon content were determined by common methods (Pansu and Gautheyrou 2006) . Determination of soil K was performed by several chemical extraction meth- ods and two plant tests ( Table 2) . As a reference for plant-available K content in soil, exhaustive cropping with perennial ryegrass was chosen.
The ryegrass was grown in a glasshouse in 2 L plastic pots filled with the homogeneous mixture of 150 g of soil and 1350 g of fine quartz sand. The purity of the sand was checked by XRD. The sand contained 7 mg K HCl /kg. Pots were irrigated by K-free Hoagland solution including all other essential nutrients to keep the water content at approximately field capacity. After six weeks, the above-ground biomass was cut for the first time, dried and analysed for K content. Plants were grown until the substantial decrease of the vitality in all treatments. Altogether eight cuts were performed. At the end of the experiment, roots were carefully taken out of pots, washed by distilled water, dried and analyzed for K content. K content in plants of the control treatment (only quartz sand) was subtracted. After the ryegrass cropping, K M3 and K HCl were determined in the pot substrate (a mixture of soil and quartz sand). Each test was performed in two replicates. In plant tests, the biomass was mineralized by microwave digestion. All extracts were analyzed by ICP EOS, Thermo Jarrell Ash (Trace Scan, Franklin, USA). Statistical evaluation of the results was performed using the Statistica 12 software (Statsoft, Tulsa, USA). 
RESULTS AND DISCUSSION
Plant-available K determined by exhaustive cropping of ryegrass released from 3 to 5-times more K than chemical methods oriented to K exch extraction (Table 3 ). The range of K exhaust was also much wider than the range of K NH 4 Ac , K BaCl 2 , K M3 and K 0.1 mol/L HNO 3 ; the latter four were related the closest to K Neub by both absolute value and by the range. It was evident that K non-exch significantly contributed to plant nutrition, as was found also for other sites (MacLean 1961 , Cox et al. 1999 . After the ryegrass test, K HCl decreased by 250 mg/kg (32% of the starting value) on average, whereas K M3 decreased only by 19 mg/kg (20% of the starting value) on average ( Figure 1 ). It can be seen that especially in high K exhaust soils there was still a significant amount of plant-available K after the exhaustive cropping; even the biomass production after the 7 th cut was very low in all treatments. The incomplete K exhaustion can explain why all three methods extracting K non-exch released more than twice as much K compared to exhaustive cropping. The highest K contents were obtained by consecutive extractions with 1 mol/L nitric acid (StepK method) which overestimated K contents especially in samples with low K exhaust .
With exception of K tot , K contents determined by all other chemical extractions correlated significantly with K exhaust (Table 4 ). The best prediction of K exhaust was given by TPB extraction (P = 8.3 × 10 -8 ), followed by StepK method (P = 2.1 × 10 -5 ). K contents based on K exch extraction were strongly positively correlated among each other and also with K Neub , as was reported previously by Matula (2009) who used a 21-day barley test. The relation of extractions based on K exch to K extracted by strong acids (K StepK and K HCl ) was none or weak, whereas K exch tests significantly correlated with K TPB . K tot was not related to any other K extraction, contrary to the findings of Carey et al. (2011) ; the closest relation of K tot was to K StepK (P = 0.051). The orthoclase content was significantly related only to K tot , but had no other relation neither to soil K extraction nor to plant-available K. Results confirmed that orthoclase can be a dominant K phase of soil K in some soils (Andrist-Rangel et al. 2010 ), but it is rather inert in context of plant K uptake as K is bound mainly in structural form (Huang 2005) . Mica group minerals contribute to K plant uptake (Madaras et al. 2013) ; however the relation to K exhaust was found weak in this study (P = 0.059).
For plant K nutrition, mixed-layer phyllosilicates appeared to be the most important K-bearing mineral phase. Relative contents of mixed-layer phyllosilicates (MLP) significantly correlated with both plant tests and also with chemical extractions. The role of interlayer K in 2:1 soil clay minerals for plant K uptake was emphasized by Barré et al. (2007) . Clay content was significantly related to the same extracted K pools as MLP relative content, confirming that MLP minerals constitute the major proportion of soil clay fraction in the studied soils. Soil K non-exch pool is largely determined by soil texture (Škarpa and Hlušek 2005) . For other soil parameters (pH, C org , cation exchange capacity), we did not find relation to K pools.
Results suggest that consistency between plant available K and K exch depends also on the type of MLP minerals. Excluding sample 'Vojkovice' from the dataset significantly increased the correlation between K exhaust and K exch contents (Table 5 ). The Vojkovice soil had rather high K availability (K exhaust = 618 mg/kg), but K exch tests determined too low K contents (K M3 = 86 mg/kg) compared to other soils of similar K exhaust . This sample was the only one with chlorite-smectite type of MLP, other soils have illite-smectite or illite-vermiculite type (Table 1) . Omitting Vojkovice soil, however, did not improve correlation of K exhaust with tests extracting K non-exch .
We conclude that plant-available K, as determined by exhaustive perennial ryegrass cropping, can be satisfactorily predicted by all tested methods. Methods based on exchangeable K extraction however highly underestimated available K contents and were also influenced by the character of clay minerals. Based on our results, TPB extraction in the form proposed by Carey et al. (2011) appears to be the most suitable for routine determinations of available K contents in soils low in exchangeable K. 
